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ABSTRACT Analogs of dUTP and UTP that contain a biotin 
molecule covalently bound to the C-5 position of the pyrimidine 
ring through an allyiamine linker arm have been synthesized. 
These biotin-labeled nucleotides are efficient substrates for a va- 
riety of DNA and RNA polymerases in vitro. Polynucleotides con- 
taining low levels of biotin substitution (50 molecules or fewer per 
kUobase) have denaturation, ^association, and hybridisation 
characteristics similar to those of unsubstituted controls. Biotin* 
labeled polynucleotides, both single and double stranded, are se- 
lectively and quantitatively retained on avidin-Sepharose, even 
after extensive washing with 8 M urea, 6 M guanidine hydroohlo- 
' ride, or 99% formamide. In addition, biotin-labeled polynucleo- 
tides can be selectively immunoprecipitated in the presence of 
antibiotin antibody and Staphylococcus aureus protein A. The 
unique features of biotin-labeled polynucleotides suggest that they 
will be useful affinity probes for the detection and isolation of spe- 
cific DNA and RNA sequences. 



Nucleotide analogs that can function as indicator "probes" when 
incorporated in polynucleotides would be of significant utility 
in many procedures used in biomedical and recombinant DNA 
research. When used in conjunction with immunological, his- 
tochemical, or affinity detector systems, such reagents could 
provide suitable alternatives to radioisotopes for the detection, 
localization, and isolation of nucleic acid components. Biotin 
(vitamin H) has many features that make it an ideal probe can- 
didate. The interaction between biotin and avidin, a 68,000- 
dalton glycoprotein from egg white, has one of the highest bind- 
ing constants (K^ - 10 18 ) known (1). When avidin is coupled 
to appropriate indicator molecules (fluorescent dyes, electron- 
dense proteins, enzymes, or antibodies), minute quantities of 
biotin can be detected (2-8). The specificity and tenacity of the 
biotin-avidin complex has been exploited to develop methods 
for the visual localization of specific proteins, lipids, and car- 
bohydrates on or within cells (for review, see ref. 2). Davidson 
and associates (9-11) chemically crosslinked biotin to RNA, via 
cytochrome c or polyamine bridges, and used these RNA-biotin 
complexes as probes for in situ hybridization. The sites of hy- 
bridization were visualized in the electron microscope through 
the binding of avidin-ferritin or avidin-meftacrylate spheres. 
Although this approach to the detection of polynucleotide se- 
quences was successful in the specialized cases examined, a sim- 
pler and more general procedure for preparing biotin-substi- 
tuted nucleic acids was desirable. Biotin directly attached to a 
nucleotide that functions as an efficient polymerase substrate 
would be more versatile, both in the experimental protocols and 
in the detection methods that could be used. 

We have synthesized a number f nucleotide analogs that 
contain potential probe determinants ( .g., biotin, iminobiotin, 
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and 2,4-dinitrophenyl groups) covalently attached to the pyrim- 
idine or purine ring in the hope that one of them might prove 
to be a useful affinity reagent. This report describes the syn- 
thesis of biotin-labeled derivatives of UTP and dUTP (1 and 2, 
respectively) that are substrates for RNA or DNA polymerases. 
The properties of the resulting biotm-substituted polynucleo- 
tides appear to satisfy the basic criteria required of a good af- 
finity probe. 
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MATERIALS AND METHODS 

Materials. Standard NTPs were purchased from P-L Bio- 
chemicals, and dUTP was obtained from Sigma. Radiolabeled 
nucleotides were products of New England Nuclear or Amer- 
sham Radiochemicals. Escherichia coli DNA polymerase I, both 
hotoenzyme and Klenow fragment, was obtained from Boeh- 
ringer Mannheim; restriction enzymes were from New England 
BioLabs or BetKesda Research Laboratories. The following en- 
zymes and reagents were gifts: 17 RNA polymerase and T7 
DNA (J. Coleman); herpes simplex DNA polymerase (B. 
Francke); L1210 and HeLa cell DNA polymerases a and £ (H. 
S. Allaudeen); avian myeloblastosis reverse transcriptase (RNA- 
dependent DNA nucleotidyltransferase) (S. Weissman); murine 
and calf thymus RNA polymerase II (R. Roeder); E. coli RNA 
polymerase (P. Farnam); and rabbit antibiotin serum (F. 
Harmon). 

Synthesis of 1 (Bio-UTP) and 2 (Bio-dUTP). Mercuration 
step. The 5-mercurated derivatives of UTP and dUTP were pre- 
pared by a modification of the procedure of Dale et oL (12). UTP 
(570 mg, 1.0 mmol) or dUTP (554 rog, 1.0 mmol) in 100 ml of 
0. 1 M sodium acetate, pH 6.0, was treated with mercuric ace- 
tate (1.59 g, 5.0 mmol). The solution was heated at SO^C for 4 
brand then cooled on ice. Lithium chloride (392 mg, 9.0 mmol) 

Abbreviations: AA-UTP and AA-dUTP, 5-(3-amino)allyl uridine and 
deoxyuridine triphosphates, respectively; Bio-UTP and Bio-dUTP, 5- 
allylarainobiotin-labeled UTP and dUTP, respectively; Bio-RNA and 
Bio-DNA, biotin-labeled RNA and DNA. respectively; MVM, minute 
virus of mouse; RF, rephcatrve form. 

* Present address: Department of Chemistry, University of Virginia, 
Charlottesville, VA 22901. 
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was added, and the solution was xtracted six times with equal 
volumes of ethyl acetate to remove excess HgCl 2 . Tte efficiency 
of the extraction process was m nitored by estimating tb mer- 
curic ion concentration in the organic layer by using 4,4'- 
bis(dimethylamino)-thi benzophenone (13). The extent of nu- 
cleotide mercuration, determined spectrophotometrically by 
following the iodination of an aliquot of the aqueous solution 
(14), was routinely 90-100%. The nucleotide products in the 
aqueous layer, which often became cloudy during the ethyl ace- 
tate extraction, were precipitated by the addition of 3 vol of ice- 
cold ethanol and collected by centrifiigation. The precipitate 
was washedtwfce witKcdd absolute edsano! wad onccv/ith ^thyl 
ether and then air dried. These products were used for the syn- 
thesis of the 5-(3-amino)ailyl nucleotides without further 
purification. 

Synthesis of5~(3-amino)allyluridine and deoxyuridine 5' tri- 
phosphates (AA-UTP and AA-dUTP). Organomercurial com- 
pounds can be alkylated or arylated under mild conditions by 
reaction with olefins in the presence of a palladium catalyst (15). 
Bergstrom and associates (16, 17) have recently used this pro- 
cedure for the synthesis of C-5-substituted pyrimidine nucleo- 
sides. We have also adopted this general synthetic approach for 
introducing the allylamine linker arm. The mercurated nucleo- 
tides were dissolved in 0.1 M sodium acetate, pH 5.0, and ad- 
justed to 20 mM (Asen 200 units/ ml). A fresh 2.0 M solution 
of allylamine (Aldrich) was prepared by slowly adding 1.5 ml 
of allylamine (13.3 M) to 8.5 ml of ice-cold 4 M acetic acid. Three 
milliliters (6.0 mmol) of the neutralized allylamine stock was 
added to 25 ml (0.5 mmol) of nucleotide solution. One nucleo- 
tide equivalent of X 2 PdCL| (163 mg, 0.5 mmol; Alfo-Ventron, 
Danvers, MA) in 4 mi of water was then added to initiate the 
reaction; the solution gradually turned black and metal (Hg and 
Pd) deposits appeared on the walls of the reaction vessel. After 
standing at room temperature for 18-24 hr f thr reaction mixture 
was passed through a 0.45-/im membrane filter (Nalgene) to 
remove most of the remaining metal precipitate. The yellow 
filtrate was diluted 1:5 with H 2 0 and applied to a 100-ml column 
of DEAE-Sephadex A-25 (Pharmacia). After washing with 1 col- 
umn vol of 0.1 M sodium acetate, pH 5.0, die products were 
eluted by using a Miter linear gradient (0. 1-0.6 M) of sodium 
acetate, pH 8-9, or Et 3 NHC0 3 , pH 7.5. Hie desired product 
was in the major UV-absorbing peak, which eluted between 
0.30 and 0.35 M salt, Because spectral analysis showed that this 
peak contained several products, final purification was achieved 
by reverse-phase high-pressure liquid chromatography on col- 
umns of Partisil-ODS2, using either 0.5 M (NHJJPO* pH 3.3 
(analytical separations), or 0.5 M Et 3 NHOAc, pH 4.3 (prepa- 
rative separations), as eluents. AA-UTP and AA-dUTP were the 
last peaks to elute from the column and they were cleanly re- 
solved from three as-yet unidentified contaminants. Hie char- 
acterization of the (3-amino)allyI nucleotides by proton NMR, 
elemental, spectral, and chromatographic analyses will be pre- 
sented in detail elsewhere. These studies clearly showed that 
the (3-amino)allyI substituent is attached to the C-5 position of 
the pyrimidine ring and that the olefinic protons are in the imns 
configuration. 

Conversion of AA-UTP or AA-dUTP to Bio-UTP and Bio- 
dUTP. Biotinyl-N-hydroxysuccinimide ester was prepared from 
biotin (Sigma) as described (3). AA-UTP4H a O (70 mg, 0.1 
mmol) or AA-dUTP*H s O (63 mg, 0.1 mmol) in 20 ml of 0.1 M 
sodium borate, pH 8.5, was treated with the ester (34. 1 mg, 0. 1 
mmol) in 2 ml of dimethylformamide. The reaction mixture was 
left at room temperature for 4 hr and then loaded directly onto 
a 30-ml column of DEAE-Sephadex A-25 previously equili- 
brated with 0.1 M Et3NHC0 3 , pH 7.5. Hie column was eluted 
with a 400-ml linear gradient (0.1-0.9 M) of Et 3 NHC0 3 . Frac- 



tions containing bio-dUTP r bio-UTP, which eluted at 
0.55-0.65 M Et 3 NHC0 3 , were desalted by rotary vaporation 
in the presence of methanol and then dissolved in water. Oc- 
casionally, a slightly cloudy solution was btained: this turbidity, 
due to a contaminant in some Et 3 NHC0 3 solutions, was re- 
moved by filtration through a 0.45-/un filter. F r long-term 
storage, the nucleotides were converted to sodium salts by 
briefly stirring the solution in (he presence of Dowex 50 (Na + ). 
After filtration, the nucleotide was precipitated by the addition 
of 3 vol of cold ethanol, washed with ethyl ether, dried at re- 
duced pressure over sodium hydroxide pellets, and stored in 
n desiccator at Fer immediate use, auck-dtide so- 

lution was made 20 mM in Tris-HCl, pH 7.5, and adjusted to 
a final nucleotide concentration of 5 mM. Stock solutions were 
stored at -20°C. 

Analysis. Bio-dUTP: Calcd. for CkH^OmP^NvHsO: 
C, 29.80; H, 3.38; N, 7.89; P, 10.47; S, 3.61. Found: C, 30.14; 
H, 3.22; N, 7.63; P, 10.31; S, 3.70. Bio-UTP: Calcd. for 
CagHaoNgOjsPaSNa^ H a O: C, 29. 15; H, 3. 19; N, 7.45; P, 9.89; 
S, 3.41. Found: C, 28.76; H, 3.35; N, 7.68; P, 9.81; S, 3.32. The 
spectral properties of bio-dUTP and bio-UTP at pH 7.5 [A^ 
289 nm (e = 7100); A mM 240 nm (e = 10,700); A roln 262 nm (e 
« 4300)] reflect the presence of an exocylic double bond con- 
jugated with the pyrimidine ring. These nucleotides also give 
a strong positive reaction (an orange-red color) when treated 
with p-dimethylaminocmnamaldehyde in ethanolic sulfuric 
acid, a procedure used for biotin quantitation (18). However, 
in contrast to AA-dUTP and AA-UTP, they do not give a positive 
ninhydrin reaction. 

RESULTS 

Bio-UTP and Bio-dUTP have been syrthesized. These analogs 
were then tested for their ability to function as substrates for 
a series of purified nucleic acid polymerases in vitro. As shown 
in Fig. 1, Bio-dUTP is an excellent substrate for E. coli DNA 
polymerase I using either the nick-translation protocol of Rigby 
et al (19) or the "gap-filling" reaction described by Bourguignon 
et al (21). Although it is incorporated at an initial rate that is 
only 30-40% of that of the control reaction with TTP, the final 
specific activities (and the extent of polymerization) that can be 
achieved are essentially the same. Bio-dUTP is also a substrate 
for bacteriophage T4 DNA polymerase, DNA polymerases a 
and P from murine (A-9) and human (HeLa) cells, and the DNA 
polymerase of herpes simplex virus, with incorporation effi- 
ciencies similar to that of E . coti DNA poly merase I (not shown). 
In addition, Bio-dUTP will support DNA synthesis in a nuclear 
replication system prepared from baby hamster kidney cells in- 
fected with herpes simplex virus (unpublished data). In con- 
trast, Bio-dUTP does not function as a substrate for avian mye- 
loblastosis virus reverse transcriptase under standard incubation 
conditions using mRNA-oligo(dT), minute virus of mouse 
(MVM) DNA, or poly(dA)*oligo(dT) as template-primer 
complexes. 

lie ribonucleotide analog, Bio-UTP, can substitute for UTP 
in reactions catalyzed by the RNA polymerases of £. colt and 
bacteriophage T7 (Fig. 2), although with a lower efficiency than 
that of any DNA polymerase/ Bio-dUTP system. Furthermore, 
Bio-UTP is utilized poorly, if at all, by the eukaryotic RNA poly- 
merases we have examined (HeLa cell RNA polymerase III, calf 
thymus RNA polymerase II, and mouse L-cell RNA polymerase 
II). Although th limited range of substrate function precludes 
tly use of Bio-UTP in the direct enzymatic biotin labeling of 
eukaryotic transcripts in vivo, biotin-labeled RNA (Bio-RNA) 
probes can be prepared in vitro by using appropriate DNA tem- 
plates and £. coli RNA polymerase or by 3'-end labeling meth- 
ods using RNA ligase and biotin-labeled pUp (n t shown); 
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The enzymatic polymerization of nucleotides containing bio- 
2? T22L? ot monit ?red directly because neither Bio-dUTP or 

1. ^T r l. ra f ,0 ! a J ,e i e t How *ver. two lines of evidence 
show that the biotin-labeled nucleotides are incorporated. The 
flrs Is that polynucleotides synthesized in the presence of bio- 
tin-labeled nucleotides are selectively retained when chroma- 
tographed over avidin-Sepharose affinity columns. For exam- 
B&ijfES NA * n,ck translated wl* TTP, dCTP, dGTP, and 
L ] ^ Pt * ^""My eluted from avidin-Sepharose by 

Sf i > ^ ° f °-, 5 ^ r J aCL contrast - * e ma J° rit y of nick- 
translated biotin-labeled DNA (Bio-DNA) remains bound to the 
rear, even after extensive washing with high salt, urea, guan- 
idine-HC!, formamide, 2 mM biotin, or 50 mM NaOH (Table 
1). The small fraction of radiolabel eluted by these wasMng con- 
ditions is not retained when it is applied to the resin a second 
time, suggesting that this radioactivity is associated with DNA 
^SEHS? are free of biotin substitution. Because the 
pflH322 DNA used in this experiment had ~5% of its thymidine 

ftt!L,L U f StltUted by , B1 °- dUM P ^ on plcomoles of 
I rjdAMP incorporated in the nick-translation reaction), it is 
clear that only a few molecules of biotin per kilobase of DNA 
are necessary for irreversible binding to avidin-Sepharose. In- 
deed, when the "sticky" ends of Simian virus 40 DNA (linear- 
ized by treatment with EcoM) ore filled in by using Bio-dUTP 
and E.cott DNA polymerase Klenow fragment, the DNA is 
retained on ayidin-Sepharose (unpublished data). Thus, four 
biotin molecules or fewer per five kilobases of DNA are suffi- 
cient for selective retention. 

The second line of evidence for biotin substitution is that only 
polynucleotides synthesized in the presence of biotin-labeled 

nucleotides are immunoprecipitated when treated with purified 
antibiotin antibodies and then with formalin-fixed Staphylo- 
coccus (Table 2). Although the amount of bfobn-labeled poly- 
mer found in the immune precipitate is dependent on the an- 
tibody concentration and time of incubation, under optimum 
conditions, >90% of the product can be immunoprecipitated, 
even when present in subnanogram quantities. Significantly, 
fte results in Tables 1 and 2 show that the biotin molecule can 
™ r f? gn if? to avidin ™ d antibiotin antibodies when the 
DNA Is still te a double-stranded form. Parallel experiments 
L\, /T^ biotto-labeled DNA-RNA hybrids and 

RNA duplexes behave similarly. These observations suggest 
that immun 1 gical and affinity m thods could be used for 
probe detectl n (or isolation) following standard hybridizati n 
procedures. 

T determine whether biotin-substituted polynucleotides 
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n ^.°- \ BjoJTJTP is a substrate Sat E. adi 
DNA polymerase L (A) A Phage ONA was nidi 
translated in uitro with DNA polymerase I hah* 

ffi"! 8 ?, ^ 8C fi bed <«>■ Reactions used 
nPWATP (1.35 /xM, 400 Ci/mmol) and dtherZO 
TTP (o), 20 pM Bio-dUTP (•), or 10 TTP/ 
10pM Bio^UTP M. (B) Minute virusrfmoi^ 
WVM) DNA, a 5-kttobase ma^^aedWA 
wtti termaal hairpia duplexes {20), was wa- 
v^toadouble-strajided^byreattionwith 
DNA polymerase I (Klenow fragment) as de- 
smbed (21). The three-nudeotide reaction (m no 
TTP contained dCTP. dGTP, and ( 3S P^TP (60 
/iCi/jimol) at 0.1 mM. TTP (o) and Bio^UTP 
(•) reactions were supplemented with the appro- 
priate triphosphate at a final concentration of 0.1 
nun. 



«?J TJn? « for T " tobridization probes, the denaturation 
!»3 n \ h0n characte ristics of several btotin-labeled DNA 
and HNA polymers were examined. As shown in Table 3 the 
USd* temp ! ra i U ! B of P NA du P Iexes decreases as the Bto- 
PM* j ? nt rf *•«**«**■ increases. A parallel analysis of 
RNA duplexes and DNA'RNA hybrids (notlhown) inaWe 
that they respond similarly. However, a pronounced decrease 
in melting temperature occurs only in heavily substituted nolv- 
mers [e.g., poly(dA-dBio-U)] and even then the degree ofcoop- 



25 r- 




,„ B . i t 0-U F ta 8 "«»bate fbr T7 RNA polymerase. Reaction 
mfataws (0.15 ml) were 40 mM Tria-HCl, pH &0/30^MgChyiO 
mM z-mercaptoethanol/O^ mMffHTCW 
m W^/0£ mM OTP or Bi»UTP eonteiring TS, L TefT? 

cL™L T ^K? ?SL? nd pwWtated onto gia^fiber filters. 
Cmv«o, UTP; Bio-UTP; a, three-nudeotide reaction; no UTP or 
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Tabic 1. Selective retention of biotin-Iabeled DNA on 
avidin-Sepharose 

% DNA retained on reain 





Bio-DNA (5%)* 


Control 


Load 


100 


100 


Eluent 






0.5 M NaCl 


100 


0.1 


LOMNaCl 


99.7 


<0.01 


8 M Urea 


100 


<0.01 


6MGuanidine-HCl 


95.2 


<0.01 


99% Formamide 


94.7 


<0.01 


2mMBiotin 


97.6 


<aoi 


SOmMNaOH 


89.5 


<0.01 



Avidin-Sepharose waB prepared by coupling avidin to cyanogen bro- 
mide-activated Sepharose 4B essentially as described (22). Columns 
containing 0.2 ml of resin were equilibrated with 10 mM Tris*HCl/ 
0.20 M NaCl, pH 7.5, and the DNA samples (3 x 10" cpm per load; 2 
x 10 7 cpm/jxg) were applied in 0.2 ml of the same buffer. The columns 
were washed with 1.0 ml of loading buffer and then treated with 2.0 
ml of eluent The % DNA retained on the resin was calculated by using 
the formula (cpm of DNA loaded - cpm eluted) + cpm loaded, as de- 
termined by Cerenkov counting. 

* pBR322 DNA labeled with l 3ff PjdAMP by nick translation in which 
5% of the TMP residues have been replaced by Bio-dUMP. 

erativity and the extent of hyperchromicity observed during 
denaturation are virtually identical to that of control polymers. 
Thus, pBR322 or A DNAs that have bsen nick translated to in- 
troduce =20 biotin molecules per kilobase have melting tem- 
peratures similar to those of their biotin-free counterparts. 
Even MVM replicative form (RF) DNA in which every TMP 
residue in one strand ( S8 1250 in 5 kilobases) is replaced by Bio- 
dUMP has a melting temperature that is only 5°C less than that 
of the unsubstituted DNA. Of greater significance is the ob- 
servation that lightly labeled DNA probes hybridize in solution 
at essentially the same rate as biotin-free probes (Fig. 3). Fur- 
thermore, ^P-Iabeled biotin-substituted pBR322 DNA has the 
same degree of specificity and autoradiographic signal intensity 
as control hiotin-rVee pBR322 DNA when used as a hybridiza- 
tion probe for detecting bacterial colonies that contain the plas- 
mid (data not shown). These results indicate that a substantial 
number of biotin-Iabeled nucleotides can be introduced into a 



Table 2. Selective imraunoprecipitation of Bio-DNA with 
antibiotin IgG and Staphylococcus 

Radioactivity, cpm 



DNA 


Antibody 


Precipitate 


Supernatant 


Control 




70 


4867 


Control 


Anti-Bio IgG 


87 


6197 


Control 


Nonimmune IgG 


65 


6107 


Bio-DNA 




63 


3886 


Bio-DNA 


Anti-Bio IgG 


3347 


736 


Bio-DNA 


Nonimmune IgG 


60 


3900 



Immunoprecipitation of DNA samples was done essentially as de- 
scribed (23). Biotin-Iabeled and control pBR322 DNAs labeled with 
[ 32 P]dAMPbyiiicktrai^ 10 T cpm/pg) were 

treated with 100 pi of formalin-fixed Staphylococcus dgG Sorb, The 
Enzyme Center) in water for 10 uin at room temperature. The super- 
natants from these reaction mixtures were incubated at 4% for 1 hr 
without serum, with nonimmune rabbit serum, or with rabbit anti- 
biotin affinity purified from serum provided by Fred Harmon. Immune 
complexes were precipitated by the addition of 50 pi of IgG Sorb. After 
10 min at room temperature, the mixtures were centrifuged, and the 
pellets were washed three times with 30 mM Tris-HCl/150 mM NaCl/ 
0.05% Nonidet P-40, pH 7.5, and analyzed by Cerenkov counting. 



Table 3. Effect of biotin substitution on the thermal 
denaturation of DNA duplexes 



Bio-dUMP content 
DNA l% total nucleotides) T^C 



Control pBR322 — 80 
Biotin-Iabeled pBR322 2.0 79 
Control MVM RF - 69 
Fbtm-labeledMVMRF 12.5 64 
poly<dA-dD - 62 
poly(dA*dBio-U) 5O0 47 



nBR322 DNAs were prepared by nick translation and thermally 
denatured in 10 mM Ixis-HCl/fiO mtt NaCi/1.0 mM EDTA, pH 7.6. 
MVM RF DNAs were prepared as described in the legend to Fig. 1, and 
melting profiles were determined in 10 mM Tris-HCl/1 .0 mM EDTA, 
pH 7.5. poly(dA-dT) and poly(dA-dBio-U) were prepared from E. coli 
DNA polymerase I reactions primed by poly(dA-dT) as described (24), 
and melting profiles were determined in 10 mM Tri6«HCl/0. 10 M NaCl/ 
1.0 mM EDTA, pH 7.5. 

nucleic acid probe without significantly altering its hybridiza- 
tion characteristics. 

Several additional properties of biotin-Iabeled polynucleo- 
tides are worth noting at this point. First, phenol extraction 
should be avoided whenever possible during purification of Bio- 
DNA or Bio-RNA because heavily substituted polymers are 
extracted into the phenol layer and even lightly or moderately 
substituted ones (e.g., nick-translated DNAs) can often be re- 
tained at the phenol/H s O interface. Second, because the mass 
of Bio-dUMP is about twice that of TMP, extensive substitution 
can appreciably increase the overall mass of the polymer. For 
example, biotin-Iabeled MVM RF DNA (Fig. IB) and restric- 
tion fragments derived from it migrate more r lowly in agarose 
gels than their biotin-free counterparts (Fig. 4). Finally, incor- 
poration of a biotin-Iabeled nucleotide into a restriction endo- 
nuclease recognition site may prevent enzymatic cleavage. 




tcr 2 KT 1 10° 10 1 



C 0 t 

Fig. 3. Effect of biotin substitution on the ^association rate of 
E. coli DNA. Sheared E. coli DNA was nick translated by using 
[a- sa P]dATP and either TTP or Bio-dUTP to a specific activity of 1 .3 
x 10* cpm/ fig; the Bio-DNA probe had «5.5% of its TMP residues 
replaced by Bio-dUMP. Hie probes were heat denatured and hybridized 
at 37°C to a 220-fold excess of denatured nomadiolabeled E. coli DNA 
in 60% formamide/0.30 M NaCl/0.03 M soghjra citrate, pH 7.0. Ali- 
quots (10 pi) were removed at various times and diluted into 100 pi 
of 0.05 M sodium acetate, pH 5.0/0.05 M NaCl/1.0 mM ZnCl 3 - Mung 
bean nuclease (2 units; P-L Biochemicala) was addeAand the mixture 
was incubated at 42°C for 15 min. The amount of **P-labeled probe 
made resistant to the single-strand-epeciflc nuclease was determined 
by acid precipitation onto glass-fiber filters. C^t, initial concentration 
of DNA (moles of nucleotide/iiter) x time (sec), o, Control DNA; a, 
Bio-DNA probe, 



BEST AVAILABLE-COPY 



Biochemistry: Longer eta/. 




Pig. 4. Effect of biotin substitution on restriction endonuclease 
cleavage of DNA. ^-Labeled MVM RF DNAs prepared as described 
in the legend to Fig. IB were cleaved with EcoBI and Hae U as de- 
scribed (20), and the samples were subjected to electrophoresis in a 
1.4% agarose gel. Lanes: T, DNA gap filled with TCP as a substrate; 
T/B, DNA gap filled in the presence of equimolar concentrations of 
TTP and BicwlUTP; B, DNA gap filled with Bio-dUTP. The faint bands 
in the Hae U lanes reflect a trace contamination of the enzyme with 
Haem. 

When Bio-dUMP is in the recognition site of EcoBl (G-A-A-T- 
T-C), the DNA is totally refractory to this enzyme although it 
remains sensitive to digestion by Hae II (PuG-C-G-CPy) (Fig. 
4). 

DISCUSSION 
Our data demonstrate that Bio-dUTP and Bio-UTP are used as 
substrates by a number of nucleic acid polymerases, albeit at 
somewhat lower rates than the parent compounds, TTP and 
UTP. This provides a simple and rapid procedure for synthe- 
sizing chemically stable biotin-substituted polymers that hy- 
bridize specifically and efficiently to complementary sequences 
either in solution or bound to solid supports. Because polynu- 
cleotides containing a limited number of biotin molecules (50 
or fewer per kb) hybridize with kinetics similar to those of un- 
labeled controls, standard hybridization protocols need be mod- 
ified little if at all. The observation that Bio-DNA or Bio-RNA, 
and nonbiotinized sequences that hybridize to them, are selec- 
tively retained on avidin-Sepharose columns or immunoprecip- 
itated by the addition of antibiotin antibodies and Staphylococ- 
cus is significant in several regards. First, these results suggest 
that biotin-labeled polymers can be used in conjunction with 
appropriate immunofluorescent, immun histochemical, r af- 
finity reagents for detecting r localizing specific sequences in 
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chromosomes, cells, tissue sections, and blots. Our studies have 
led to the development of a rapid method of gene mapping by 
m situ hybridization that uses rabbit antibiotin antibody and 
fluorescein-labeled goat anti-rabbit IgG to identify the loci of 
hybridized Bio-DNA probes and a lustochemical procedure for 
detecting biotin-labeled sequences on nitrocellulose filters that 
uses antibody-alkaline phosphatase conjugates (unpublished 
data). Second, the ability to synthesize immunogenic DNAs 
(and to a lesser extent UN As) enzymatically, both in purified in 
vitro systems and in crude cell lysates, may allow the use of 
immunoprecipitation techniques. Finally, because trje inter- 
action between biotin-laoeled polynucleotide probes and avi- 
din-Sepharose is essentially irreversible, it should be possible 
to develop refined protocols for enriching (or deleting) specific 
gene sequences from complex mixtures in a fashion analogous 
to that reported by Maiming etal. (25). Although further studies 
are obviously required, our results indicate that enzymatically 
biotin-labeled polynucleotides can function as nucleic acid af- 
finity reagents. 
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